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ABSTRACT

This report describes a multiple streamtube performance
prediction model for the Darrieus turbine, This model is
shown to predict the performance of small-scale rotors, for
which test data is available, much more accurately than the
single streamtube model. The model is capable of predicting
the overall rotor power output and the distribution of aero-
dynamic forces along the rotor blades. The model can be
used to.study the effects of rotor geometry variations such
as.blade solidity, blade taper, and variations in rotor
height-to-diameter ratios. In addition, spacial variations
in freestream veTocity such as that produced by atmospheric
wind shear can be easily incorporated into the model. This
model will assist in the proper design and optimization of
Targe=scale rotors for which test data is not available,
Scale effects can be predicted based upon the proper use of
high Reynold's number airfoil data.
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1.0 Introduction

Recent interest in the Darrieus Turbine as a wind energy conversion
device [1-4] has resulted in a need for an adequate performance predic-
tion model. Such a model is necessary so that large scale rotor systems
can be properly engineered and optimized. This model must accurately
predict the performance of small scale rotors, for which test data is
currently available, if there is to be any hope of predicting the
performance of large scale rotors whose blade Reynold's numbers are more
than an order of magnitude greater.

There are several models from which one could select, ranging from
very complex to reasonably simple. One could, for instance, attempt a
solution using vortex theory, which has been successfully used in pro-
pellor and wing design. However, because of the complex structure of
the resulting vortex system applicable to the Darrieus Turbine configu-
ration, the computer time required to effect such a solution appears to
be excessive. Another approach which has recently been used [5] is to
visualize that the rotor is enclosed in a single streamtube. As this
streamtube passes through the rotor, the wind velocity is assumed to be
everywhere constant. The forces on the airfoil-blades are then computed,
using this uniform velocity. .The wind velocity in the streamtube at the
rotor is then related to the undisturbed freestream velocity by equating
the drag force on the rotor to the change in fluid momentum through the
rotor. While this approach is somewhat elegant in its simplicity and
predicts overall performance rather well for Tightly loaded blades, it is
incapable of adequately predicting information which requires a more

precise knowledge of wind velocty variations across the rotor. These




variations become increasingly large as blade solidities and blade tip
speeds increase. In addition, it does not appear that wind shear effects
can be incorporated into the model.
A somewhat more sophisticated model than the single streamtube
model is one in which a series of streamtubes are assumed to pass through
the rotor. The same basic principles which were applied to the single
streamtube are now applied to each of the multiple streamtubes. The
multiple streamtube model gives rise to a velocity distribution through
the rotor which is a function of the two spacial coordinates perpendicular
to the streamwise direction. The multiple streamtube model, while still
somewhat inadequate in its description of the flow field, does predict
overall performance very well, yields a more realistic distribution of
blade forces, and can easily be modified to include wind shear effects.
This report consists of the development and utilization of the
multiple streamtube model. The basic aerodynamic model is first developed
along with a description of a suitable digital computer solution technique.
The associated computer analysis is given the acronym DART for DARrieus
Turbine. The DART model is exercised to provide comparison with test data
and the single streamtube model. Effects of solidity and Reynold's
number variations on overall performance are then investigated. The
contribution of varjous blade segments to the overall power output and
the effects of wind shear are investigated very briefly. Finally,

suggestions are made concerning further utilization to provide additional

engineering design information.




2.0 Aerodynamic Model

The performance analysis %s based upon a simplified aerodynamic
model which is an adaptation of Glauerts blade element theory [6].
Basically, this theory utilizes the streamwise momentum equation, which
equates the streamwise forces on the airfoil blades to the change in
fluid momentum through the rotor. Computations are performed for a
series of streamtubes which pass through the rotor giving rise to a non-
uniform distribution of fluid velocities through the rotor. The DART
computer program is the computational vehicle for carrying out the calcu-
Tations.

In figure 1 a typical streamtube is shown passing through the rotor.
The cross-sectional area of the streamtube is given by Ahr a6 sin 6,
where ah is the vertical height of the streamtube. The streamtube cross-
sectional area is assumed to be constant as it passes through the rotor,
although it is apparent that it will diverge somewhat. The fluid
velocity through the streamtube at the rotor is denoted by U and is a

function of the angle e and the vertical coordinate Z.

2.1 Momentum Considerations

Since energy is extracted by the blade elements as they pass through
the streamtube, the rotor streamtube velocity U is less than the
undisturbed freestream velocity U_. The time averaged streamwise momentum
equation can be used in conjunction with Bernoulli's equation to relate
the velocities U and U_ and the average streamwise force Fx exerted by the
blade elements as they pass through the streamtube. This expression can
be written as:

Fo= 20 Ag U (U-U) (1)
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5
where p is the fluid density and AS is the streamtube cross-sectional area
as defined previously.

The average force Fx in the streamtube can be related to the streamwise
force FX exerted by an individual blade element as it passes through the
streamtube by noting that each of N blade elements spend 48/w percent of

their time in the streamtube. Therefore the average force becomes:

F_=NF, — (2)
Eliminating Ex from equations 1 and 2 yields:

NF
U Y
X = Uw (] - U ) (3)

9

2rprahsineU?
*
For convenience, the left hand side of equation 3 is dencted by FX

NF

*

Fx = —"'_'2£""~7T— 4)
2mprahsinel

2.2 Blade Element Forces

As seen from equation 3, the streamwise force exerted on the blade
elements by the fluid must be found to obtain the ratio of rotor stream-
tube velocity to undisturbed freestream velocity. In addition, the force
Ft’ which acts along the chord line of the airfoil and tangential to the
blade element flight path, must be found in order to compute the torque
and power being produced by the element as it passes through the
streamtube. A complete set of aerodynamic forces on a blade element
would include not only the force Ft which is tangent to the airfoil chord

Tine and Fn’ which is normal to the chord line, but also the force along
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and the moment about the spanwise coordinate axis. The spanwise force is
neglected since it does not contribute to the torque produced by the
blade element and contributes only slightly to the resultant force Fx'
The pitching moment about the aerodynamic center of the airfoil is
essentially zero, except at large angles of attack. In any event, the
pitching moment on the blade element as it passes through the downstream
portion of the streamtube is of opposite sign and of equal magnitude
(within the Timitations of this model). Therefore, it is of no conse-
quence for calculation of rotor performance.

The two forces Fn and Ft’ along with their resultant force FX in
the streamwise direction, are shown in figure 2. From this figure, it is

seen that the resultant streamwise force FX is given by:

Fo == (Fns1nes1ne + Ftcose) (5)

The forces Fy and Fr can be expressed in terms of the fluid density p, the
plan area of the airfoil ahCsins, where C is the airfoil chord length, and

the relative velocity UR of the fluid moving onto the airfoil

Ahc 2
Ft =1/2 Ct PSsing R
) ) (6)
_ Ahc
Fo = ~1/2 Cp e ging Up
In non-dimensional form, these forces can be written as:
v Ftsins _ UR 2
Fy = 7 = Clg)
1/20AhCUT T
(7)
U, 2

~-F sing
Fre e = Gl
1/208hCUT T
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where UT is the maximum tip speed at the rotor equator.

The coefficients Ct and Cn are related to the more common airfoil Tift

and drag coefficients C and C, by :

1

Ct CL sino = CD cosa
(8)

!

Cn = CL coso + CD sina

where o is the angle of attack between the airfoil chord Tine and UR‘
Combining equations 4, 5, and 6, the non-dimensional streamwise force

*
FX can be written as:

(o)

* 2
Fro= 2 () (- Oy grnoeTe) (9)

X U n ~ "t sinesing
2.3 Relative Velocity Vector
The angle of attack and associated relative velocity in the plane
of the airfoil cross section can be obtained from consideration of

figure 3. The angle of attack o is given by:

_ Usinesing (10)

Tano = fegser Uy

where Ut is the tangential speed of the airfoil blade element. The
relative velocity UR in the plane of the airfoil cross section is obtained

from the identity:

UR sino = Usinesing (11)

2.4 Solution of the Momentum Equation

Defining an interference factor by:

Q

1

—

1
clc

(12)

10
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10
and using this notation in conjunction with equations 3 and 4, the

streamwise momentum equation can be written as:

a=F;+a (13)

Equation 13 forms the basis for an iterative solution of the streamtube
momentum equation. The function F; is a rather complex function of "a"
making an explicit solution for "a" all but impossible. The procedure
for carrying out computations on a specified streamtube is as follows:

* "a" is set equa]ito zero which indicates that U =U_.

* 4 is obtained from equation 10.

* Cn and Ct are obtained from airfoil data.

* . is obtained from equation 11.

* F_is computed using equation 9.

v X *T

* Using the present value of "a" and Fi in the right hand side of
equation 13, a new value of "a' is computed,
* U/U s obtained from equation 12.
* The process is repeated starting with the calculation of o
until the desired accuracy in "a" is obtained. |
This process yields the value of U/U_ for the streamtube. Normally,
convergence is rapid. For example, it has been found that computer (CUC 6600)

processing time averages about 4 X 10'3 seconds per streamtube with a

convergence error of less than 1.0 x 10'3 on "a".

2.5 Rotor Power Coefficient
Once the streamtube momentum equation has been solved, the torque
produced by a rotor blade element as it passes through the streamtube

can be obtained by:




1

_ Cah
TS = 1/2 pY‘Ct U

2
sing "R (14)

In order to obtain the total torque on a blade for a particular value of

9, TS must be integrated or summed over the number of blade segments NS
making up the blade. Each blade segment is assumed to be of a length
Ah/sing with TS being calculated at the center of each element. The torque

on a complete blade is thus given by:

N
Tp=1 T (15)
1

To obtain the average torque produced on the rotor by all of the N blades,
the value of TB must be time averaged and multiplied by N. If values of
TS are obtained at Nt values of # in increments of n/Nt, then the average

rotor torque becomes:

= N Nt Ns
T=-7 1 I 7 (16)
ty o

For all of the work presented herein, calculations were made at every
10° intervals in ¢ and at intervals in Z equal to one-tenth of the rotor
height, where Z is measured from the rotor base along the vertical axis.
Therefore, NS = 10 and Nt = 19,

The rotor power coefficient in terms of the average rotor torque is
given by:

Tw
Cp = (17)
1/20 7 S 2roht®
1

13
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12
where w is the angular speed of the rotor. Combining equations 14, 15, /

16 and 17, one obtains:

NN
s t U, U, 2
) NC t R
=0 I Domems 0 (o) G
N
N TS
R
1

where R is the equatorial radius of the rotor. For convenience, the
quantity in brackets is denoted by Cp1, which can be thought of as a
local power coefficient based on the Tocal torque and the area 2 Rah.

Therefore: N
t

N
S
C = C
D)
1 1

pl
(19)

3.0 Discussion of Results

In order to test the accuracy of the DART model, predictions were
made for two rotor configurations which were recently tested by Sandia
Labs in the LTV wind tunnel. Comparisons were then made between the
DART model and the single streamtube model using exactly the same air-
foil data. The DART model was then used to predict solidity and Reynold's
number effects for rotors with constant chord blades, height to diameter
ratios equal to 1.0, and uniform free stream velocities. Finally, the
contribution of various blade segments to the overall power output and

the effects of wind shear were investigated briefly.
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3.1 Comparison with Test Results
Wind tunnel tests of two 2-meter diameter Darrieus rotors were |

conducted in the LTV wind tunnel in May, 1975. These tests will be

documented in an upcoming report. Both a two bladed rotor with a value

of NC/R = 0.18 and a three bladed rotor with a value of NC/R = 0.27 were

tested. The aluminum rotor blades were NACA 0012 airfoils. The tests

were conducted with freestream velocities of 7, 9, and 11 meters per

second. For the 9 meter per second windspeed, blade Reynold's numbers

on the rotor tip range from about 0.10 x 106 to 0.36 x 106 for tip to wind

speed ratios of 2 and 7 respectively. Data to be used in the DART model

were selected from reference [7] for the NACA airfoil for a blade Reynold's

number of 0.30 x 106 (data is unavailable for Reynold's numbers as low as

0.70 x 106). The drag coefficient at zero angle of attack was also obtained
from reference [7] at the test Reynold's number instead of the "effective
Reynold's number." The effective Reynold's number is normally used to
predict performance under freeflight conditions and attempts to eliminate
the effect of wind tunnel turbulence. For Tlarge angles of attack, greater
than about 30°, the data in reference [8] was used. Values of Cn and
Ct are given in table 1 for a blade Reynold's number of 0.3 x 106 as well
as for 3.0 x 10°,

Figure 4 shows the relatively good agreement between wind tunnel
measurement of the rotor power coefficient and the DART model predictions
using data for a blade Reynold's number of 0.3 x ]06. The failure to

agree exactly on the left hand portion of the curves is at least partially

due to the difference in blade Reynold's numbers between test and analysis.

The DART prediction of Cp would be expected to be higher in this region
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ALFHA

U'U

2.“

.0

7+5
LU.Q
11.0
15,0
1745
21.0
30,0
40.0
50.0
65040
70,0
Bn.”
90.0
100.0
110.0
120.8
130.0
140.0
150.0
154.0
160.0
164.0
168.0
170.0
172.0
175. 0
180.0

Table 1. Airfoil Data

«30E806
CNN=.0085

GN
g.000
»208
° “qq
765

8507

« 860
.834
.A21
. 815
1.160
1.500
1.759
1.950
2.050
2,080
2,060
24040
1.9%0
1.850
1.7090
1.500
1.170
1.000
«780
720
« 74D
760
. 850
.500
0.000

TARLE nF DATA

CT+CDO
§.0008
0061
.073%9%
0010
1230
+0A10
0561
02379
-.0300
'-RSWG
-.0500
—.0100
’cﬂ'“(‘
.0100
0500
0900
#1250
.1580
.1500
1500
.16080
J140D
1258
.1000
0600
0450
0400
0250
.0?750
02510

ALFPHA
0.0
?.0
5.0

19.0

15.0

17.5

18.0

?0.0

25.10

0.0

40,0

50.0

60,0

70.0

B0.0

g,

100.0
119.0
120.0
130.0
140,10
150.0
154.0
1720.0
164.0
168,80
170.0
172.10
17540
180.0

PE= L 30F#07
£No=,0081

CN
n.0480
200
«498
«987
1.396
1.497
1.326
1.136
1.042
1.160
1,500
1.750
1,950
2.050
2.080
2.060
2.040
1.950
1.850
1,700
1.500
1.170
1.000
«780
720
o TH0
. 760
«850
500
0,000

CT+C0O0
0.0000
L0066
L0621
1670
.3560
L4320
1290
.0o40
-.0110
L0500
L0500
-.0308
.0108
L0100
L0500
.0900
1250
.1500
L1500
L1500
.1500
<1400
L1250
L1000
L0600
L0450
L0400
,12510
.0250
.0250
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since increasing the blade Reynold's number tends to delay aerodynamic
stall. Unfortunately, airfoil data is not available at the Tow Reynold's
numbers, consistent with the test Reynold's numbers, on the Teft hand

side of the Cp curve. On the right hand side of the curve, the test
Reynold's numbers at the rotor tip and the Reynold's numbers used in

the DART analysis are nearly the same. The DART prediction is again
somewhat high which may be in part due to blade Reynold's numbers toward

the rotor hub which are again less than that used in the analysis.

3.2 Comparison with Single Streamtube Model

Also shown in figure 4 is a comparison between Cp predicted by the
DART model and the single streamtube model. As is typical, agreement
between the models is quite good at Tow tip to wind speed ratios. This
is due to the fact that for lightly Toaded blades (i.e. Tow tip to wind
speed ratios or Tow solidities) the distribution of rotor streamtube
velocities is reasonably uniform and is almost equal to the freestream
velocity. For highly Toaded blades, on the other hand, the distribution
of rotor streamtube velocities is extremely non-uniform and the uniform
rotor velocity approximation is invalid. Figure 5 depicts an example of
the variation of streamtube velocities through the rotor with a solidity
of 0.3 operating at a tip to wind speed ratio of 3.5 and a blade Reynold's

6

number of 0.3 x 10°. The single streamtube model predicts a uniform value

of rotor wind speed to freestream velocity of 0.756.

3.3 Soiidity and Reynold's Number Effects
Figures 6 and 7 depict the effect of solidity at blade Reynold's

numbers of 0.3 x 106 and 3.0 x 106. In figure 8 several quantities which
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characterize the Cp curve are given as a function of solidity and Reynold's
number. It is somewhat interesting to note that two correlations can be

obtained from examination of figure 7. The first of these is that:

xp = (X, * X)/2.22 (20)

The second is that XS and Xm vary with solidity according to equations of
the form:

-1 . NC
X G+ gy (21)

where C] is some function of the Reynold's number. The variation of Xm
with Reynold's number is dominated by the skin fiction drag coefficient.
On the other hand, variation of Xs with Reynold's number is dominated by

profile drag due to aercdynamic stall.

3.4 Blade Power Distribution

To provide an example of the contribution that various blade
elements make to fhe overall power coefficient a rotor with a solidity
of 0.3 operating at a Reynold's number of 3 x 106 was examined. The
results are plotted in figure 9 and depict the contribution of the blades
extending over various vertical heights about the equator. For this
particular example the central 60% of the rotor produces about 84% of
the total power output for a tip to wind speed ratio of 4. It is
interesting to note, however, that as the tip to wind speed ratio
approaches 7 that the central 60% of the rotor is producing drag on the

rotor and is in fact being driven by the outer 40%.

3.5 Wind Shear Effects

In order to evaluate the sensitivity of the Darrieus turbine to

23
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atmospheric wind shear the common 1/7 power freestream velocity profile
was used [9-10]. The bottom of the rotor was assumed to be at ground

level resulting in the following relationship.

U, 22)]/7 (22)

T
where UooC is the freestream velocity upstream of the center or equator
of the rotor. The quantity Z/H is the ratio of the height above the
base of the rotor to the overall rotor height.

Figure 10 shows a comparison between power coefficient curves for
a rotor with and without wind shear present.

The difference between the two curves is small when the centerline
or equatorial freestream velocity at Z/H = 0.5 is used as the basis for
computing Cp and UT/Um. 1f, however, the freestream velocity at a height
of Z/H = 0.45 is used, the Cp curves with and without wind shear are

virtually identical,

4.0 DART Computer Model
While no attempt will be made to discuss the program in detail,
the general features of the input - output characteristics will be given

along with a listing of the DART program.

4,1 Input

The turbine configuration is input in terms of the blade solidity
NC/R and the turbine height to radius ratio H/R. The blade shape is
that of a sine curve which closely approximates a troposkein.

Airfoil section data is input in tabular form in terms of Cn and

Ct for various values of the angle of attack o. The drag coefficient

25
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CDO at zero angle of attack is also specified. C

tabulated value of Ct to obtain the actual value of Ct used for computa-

Do is subtracted from the

tional purposes. Thus, when tabulating Ct’ this somewhat anamolous

though conventional procedure of separating out CDO must be considered. A
choice of tip to wind speed ratios for which calculations are to be made
can be obtained by specifying the number of ratios to be examined, the
lowest value, and the increment between values. Finally the choice of a
uniform freestream velocity or a 1/7 power profile is made available.

Input data code names are given in Table 2.

4.2 Output

The output is tabulated for each streamtube for which calculations
are made. The streamtube position is identified by the angle & in
degrees and the vertical distance from the rotor base which is character-
jzed by Z/H. The blade element angle of attack o in-radians and the
non-dimensional forces F: and F;, which are defined by equation 7, are
next tabulated. The ratio of local streamtube velocity to freestream
velocity U/U_ is given next and is based upon the appropriate value of U
for the given value of Z/H. In the next two columns the local power
coefficient, as defined by equations 18 and 19 along with its summation
are given. At the conclusion of each tabular set of data, as indicated
above, the overall value of Cp is given along with the corresponding rotor

tip to wind speed ratio.

27




function code name quantity
rotor geometry S NC/R (solidity)
HR H/R
XCDO CDO
airfoil data TA tabular value of o in degrees
TCN tabular value of Cn
TCT tabular value of Ct
NTBL number of tabular values
tip to wind NTSR number of turbine speed ratios
speed selection TSRI initial turbine speed ratio
DTSR difference in turbine speed ratios
wind shear SHEAR SHEAR = 0. , U_ = const,

SHEAR

1

1., u_~2"7

Table 2. DART Input Code

28




Wi

10

15

20

25

30

35

49

45

50

PROGRAM

4.3 Computer Listing

27

DART CDC 65607 FTN V3 0-V34A 0PT=i

19

20

21

4]

G
Cc
1490
5
c
5
7
C
c
8
9
G
Cc

PROGPAM DARPT({INPUT,OUTPUT)
COMMON/TABLS/TA(S0)y TCN(S0), TCTIS0),NTRLL,XCDO
SHEAR=0,

NT=19

ERR=,001

PY=4 ,®ATAMIL.)

DTR=PY/180.

READ 1,XCD0

FORMAT (HFiC 1)

PRINT 19,XCDO0
FORMAT (30X ,4E14.6)

READ 20,NTBL

FORMAT (I2)

NTRL1=NTBL-1

D0 21 I=1,NTBL

READ 1, TACI),TCN{(I},TCT(T)
PRINT 224 I2TA(IYSZTCNI(TI),TCTH{Y)
FORMAT (65X T12,2%,43514.6)
READ 3 ,NTSR,TSRI,NTSR
FORMAT(I10,2F10.0)
HR = H/R

S = NC/R

READ 1, HR,S
PRINT 1‘}0) S’HQ
FOUMAT YLIXy*rS=¥ g ERe 2y ¥HIR=T3E A
DD 60 J=14MTSR
PRINT 5

FORMAT (6X; ¥THETA®, 8X , 27/H%, 10X, ALPHA¥, 8X4 ¥FNPLUS¥ 57X,
1¥FTPLUS®,, 7%, *USUINF#,7Xs FCPLOGT, 8 X, *CPSUNY}
X=UTMAX/UINFCENTER

X=TSRI+{J-1.)%#DTSR

IF{SHEAR.EG.1.) GO TO 6

NZH=5

GO 10 7

NZH=10

CPSUM=0.

RRSUH=0.

DN 90 T=1,N7H

IF(SHEARLEQ.1:) GO TO B8

H = Z/H4

ZH={2.%I-1 )Y/ (4, *NZH)

Ul = UTHMAX/UINF

Ut=X

GO TO 9

ZH={2, ¥1-1.Y /(2. FNZH)

UL=X/Z ({2 ¥7H) ¥ (1. /7))

CONTINUE

RR = RLOCAL/RMAX

RR=STN({PY*ZH)

RPRSUM=RRSUMRP

BETA=ATANIHRPZ (PY*COS{PY®ZH} )}

SRETA=SIH(RETAY

DC 893 K=1i,NT

T = THETA IN DEGREES

T=90#{2.%K=-1. Y /NT

i

N

29




50

65

70

75

30

[
U1

390

395

10

PROGRAM

SypPNUTTHE

O

DARTY

100

81

70
130

THETA=T*DTR

STH=SIN{TH:ETAY

CTH=CNAS(ITHETA)Y

AB = INTRRFEREMNCE FAGTOR

AA=D0 .,

NTR2Y=g

Uz = U/UINF

Uz2=1,-AA

U3 = UT/U

ui=pR*yiLsu?2
ALPHA=ATAM(STH*SRBETA/Z (CTH¥U3))
TF(ALPHALLYT.0.) ALPHA=PY+ALPHA
SAL=SIN{ALPHA)}

ALD=ALPHA/DTR

CALL CMCY(ALD,CN,CT)

Ut = UR/U

U4=STH*SBETA/SAL

USs = (URJUINF)*%2

Us= (UL #Y2y +*2
FX=S¥US*(CN=-CT*CTH/{STH¥SBETA)) 7 {4 ,*PYFRR)
ANZH=AATAA+FX

NTRY=NTRY+1

IF(NTRY.LEL100) GO YO 381
uz2=-y2

GO TO 4130

TF{ANEW.GT,1.) GO TO 70

IF(ARS [ANEW=-AA) LTL.ERR) GO TO 130
AA=ANEW

GO To 109

uz=0,
CPLOC=(CT*S#¥X¥RRF(X*U2%UL4/UL) ¥%2) /(2 (#SBETA}

28

‘CPSUM=CPSUM+CPLOC

89
80
30

30
60

CNCTY

(e

FN==CN¥US/ (U1**2)

FT=-CT*FN/CN

PRINT 80:T4,ZH,ALPHA,FN,FT,U2,CPLOC,CPSUN
CONTINUE

FORMAT (1X3RE13.44)

CONT INUE

CP=CPSUM/ (NT®RRSUM)

PRINT 30,CP,X

FORMAT (1X 3 ¥CP=7,E14,6, FUTMAX/UINFCENTER=%,E14.5)
CONTINUE

END

SUBSROUTINE ONCT(A,CM,CT}
COMMON/TABLS/TA(SD),TCN(50),TCT{(50),NTBL1,XCDO
00 1 I=1,NTBL1

J=I

TF{A.GF.TA(I}) .AND. A.LE.TA{I®1Y) GO 7O 2
COMTINMUE ‘
X=(A-TA(INYZ{TA(J+ D) =TA(IY)

CN=TOCN{J3 $XFITCNAI+LY-TCNGJ})

CT=TCV (N +X*(TCT (UL} -TCT LI))
IF(A.LF15.} CT=CT-XCDO

PETURN

END
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5.0 Conclusions and Recommendations

In conclusion, the multiple streamtube model appears to be a
substantial improvement over the single streamtube model in that: it more
precisely predicts measured values of Cp, it more precisely predicts
distributed effects such as blade forces and rotor wake velocity distri-
butions, and it is adaptable to inclusion of spatial variations in free-
stream velocity. On the other hand, the model is inadequate in
describing many of the details of the flow field such as are related to
streamtube distortions and interactions. The most serious deficiency is
that, under conditions of large solidity and high tip to wind speed
ratios, the simple momentum considerations inherent in the model break
down. This deficiency is also suffered by the single streamtube model.

In considering recommendations for further study, the work can be
categorized according to the magnitude of modification necessary to the
present model. The first category involves work which can be conducted
with the present DART model without any modifications. The second
category involves work which can be conducted with modifications in
input information with 1ittle change to the basic model. The third
category involves reasonably major changes in the model.

The present DART model should be used to make investigations
concerning blade aerodynamic force distributions for examination of rotor
structural and vibration problems. In addition, these blade force
distributions can be used to assess the transient behavior of a rotor
during a single period of revolution. A more extensive investigation
of the effects of windshear, including vertical distributions different

from the 1/7 power profile as well as horizontal distributions, should be
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undertaken., A study using symmetrical airfoil data other than that for
the NACA 0012 should be undertaken to investigate the effect on Cp.

With regard to the second category, which requires minor modifications
to the DART program, a systematic study of the effects of blade taper or
non-uniform blade chord distributions should be made. An investigation of
the effects of various spanwise blade shapes should also be made in
conjunction with both straight and tapered blade chord distributions. An
attempt to use the local blade element Reynold's number in the calculations
should be made. This will undoubtedly require not only interpolation
between Reynold's numbers where airfoil data exists, but also extrapolation
of such data in some cases. The potential of non-symmetrical airfoils
should be examined. This will require some minor modification of the DART
program to accommodate such input since calculations will be required over
the range 6 = 0 to 360° instead of the present range of 0 to 180° for
symmétrica] airfoils.

Investigations which would require more extensive modification of
the DART model might include; the inclusion of most wake effects, the
modification of the momentum equation for cases when it breaks down, and

inclusion of some of the effects of streamtube distortion and interaction.
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